Objective To longitudinally investigate body mass index (BMI) in young children in Ireland and identify factors and critical time points associated with changes in BMI.
Methods
The infant data from the Growing Up in Ireland (GUI) National Longitudinal Study of Children were used. Data of 11 134 children and their families were collected in 3 waves, at the children's ages of 9 months (in 2008-2009), 3 years (2011), and 5 years (2013).A systematic selection procedure, prestratified by a number of variables, and based on a random start and constant sampling fraction was used. Children were sampled from the Child Benefit Register (which is maintained by the Department of Employment Affairs and Social Protection), following a fixed panel design. The initial response rate among contacted families was 69%, and 9001 families took part in the third wave (response rate of 87% between waves 1 and 3). Attrition occurred mostly because families had moved. The completed sample was statistically reweighted on the basis of the external population estimates to ensure that it was representative of all children in Ireland (accounting for attrition rates). More information on the study design and sampling can be found elsewhere. [22] [23] [24] [25] [26] [27] [28] Interviews were conducted with the primary caregiver of the infant, who was usually their mother, and the secondary caregiver of the infant, who was usually their father. The questionnaires are available in full on the GUI website. 29 The outcome variable was children's crude BMI (continuous variable), which was calculated when they were 9 months, 3 years, and 5 years old. Height was measured using the Leicester portable height stick. For weight measurements, the class III SECA 835 portable electronic weight scale was used (SECA, Hamburg, Germany). 23, 24, 27 BMI percentile was not used based on the lack of agreement that exists between various child growth criteria. 4, 30 A number of known risk factors for OWOB and demographic characteristics were collected from the child's primary caregiver during the first interview: sex, gestational age at birth (very early [<33 weeks], somewhat early [33-36 weeks] , on time [37-41 weeks] , and late birth [42 + weeks] ), birth weight, 9 breastfeeding duration (none, less than 3 months, 3 to less than 6 months, or 6 months or more), and timing of solid food introduction (less than 4 months, 4 to less than 6 months, or 6 months or more). 9 Birthweight and gestational age were combined into birth weight for gestational age (BWFGA) (small for gestational age [SGA] , appropriate for gestational age [AGA] , and large for gestational age [ LGA]), using cut-off criteria retrieved through data from 2.3 million singleton births. 31 Rapid weight gain from birth to 9 months was based on a gain in weight ≥0.67 z scores, according to the procedure suggested by Ong et al. 9, 32 We considered including height in the analysis, however, a recent paper by Kramer et al concluded that adjustment for height was not recommended, as mathematically this model was no longer investigating BMI as outcome variable, but BMI for height. 33 Additional variables collected at first, second, and third interview include household type (number of caregivers and single child vs child with siblings) 34 ; region (urban vs rural) 35 ; the primary caregiver's level of stress (mean-centered Parental Stress Scale 36 ); childcare arrangements (informal care by relatives or nonrelatives, formal [institutional] care, or no childcare) 10 ; the household income equivalized for household composition (in quintiles) 30 ; and the primary caregiver was asked whether they perceive the neighborhood as safe, and whether the neighborhood offered enough green and play spaces (4-fold rating: strongly agree, agree, disagree, or strongly disagree). 37 The child's ethnic background (Irish, non-Irish white, African, black excluding African, Chinese, Asian excluding Chinese, other background including mixed) 38 and the highest level of education of either primary caregiver or secondary caregiver in the household (primary or lower secondary, higher secondary, postsecondary, or tertiary education) 39 were assessed based on a combination of primary caregiver and secondary caregiver interviews. Furthermore, the weight status of the primary caregiver and secondary caregiver was included based on standardized measurements of height and weight on the Leic The child's daily sleep duration was categorized into "short sleep," "normal sleep," and "long sleep" for each age, based on adjusted National Sleep Foundation criteria 40 (9 months: <12 hours, 12-14.9 hours, and ≥15 hours; 3 years: <11 hours, 11-12.9 hours, and ≥13 hours; 5 years: <11 hours, 11-11.9 hours, and ≥12 hours).
Statistical Analyses
Descriptive statistics were used to describe children's characteristics. The distribution of children in different weight groups was also assessed by classifying BMI at each age according to cut-off percentiles of the World Health Organization (WHO) Child Growth Standard and of the WHO Child Growth Reference. Having assessed various criteria, and in the absence of Irish criteria, the WHO criteria were found to be the most appropriate for descriptively exploring the prevalence of OWOB in this cohort and for comparability with other studies in the area of childhood obesity. The WHO growth criteria are suitable for young children 41 and define the risk of overweight as equal to and above the 85th percentile of the BMI distribution among the age groups and sexes and obesity as equal to and above the 95th percentile. 42 Changes in the number of children in each BMI percentile group across time were tested for significance using the McNemar test. A difference between the WHO criteria and the GUI infants was possible because breastfeeding rates in Ireland are low. 43 Therefore, the BMI distribution was also investigated in children breastfed 6 months or longer only.
In our analysis we modeled how crude BMI varied over time for Irish children. We used a multilevel model that can be used to fit growth curves and trajectories, 44 can easily handle unbalanced data with different numbers of repeated measures per child, as well as assessments at different time points. In this study each child had a maximum of 3 BMI measurements (9 months, 3 years, and 5 years). However, children with at least 1 BMI measurement were included in the model. The longitudinal GUI infant data can be viewed as having a 2-level hierarchical structure. Level 1 describes the within-child change, Volume 202 • November 2018 that is how a child's BMI changed over time. Level 2 describes between-child differences in BMI over time. In this analysis, we investigated how BMI changed over time according to various risk factors. Time trend analysis was included by fitting an interaction term between each variable and wave. The analysis, therefore, provided information about the children's initial BMI and trajectory during the study period. All main effects were kept in the model but nonsignificant interactions (P ≥ .05) were excluded.
The percentage of missing values was 0%-3% for most variables, 4%-5% for caregiver's BMI, and almost 8% for the equivalized household income. A category "missing" was generated for categorical variables with >2% missing, and all missing observations of the respective variable grouped into this category. Furthermore, a category "No secondary caregiver interview" was used for observations that were missing because the secondary caregiver was not available for the interview. Children were only included in the study if the primary caregiver was the same person over time (usually the mother), leading to a loss of 2.5% of observations.
In addition, several sensitivity analyses were conductedincluding only singleton births (model 2, n = 10 008), only families in which the secondary caregiver existed but had not completed the interview (model 3, n = 9,94), only families with 2 caregivers living in the household and complete secondary caregiver interviews (model 4, n = 8024), only families in which the person who was the secondary caregiver did not change throughout the study period (model 5, n = 9973), and finally, although not recommended in the analysis of BMI, 33 adding height (in centimeters, mean-centered) as a covariate to the model at each age (model 6, n = 10 377).
All statistical analysis was conducted using Stata v 13 (StataCorp LLC, College Station, Texas). 45 
Results
The families of 11 134 infants were interviewed at baseline. Less than 7% (n = 757) were excluded from the analysis because of missing or invalid values and outliers. No significant differences were seen between these and those included. The remaining 10 377 children had at least 1 BMI recorded and were included in the analysis. Of these, 10 048 children had a valid BMI reported at 9 months, 8713 at 3 years, and 8115 at 5 years, 7528 of which had complete BMI data for all 3 ages. There was almost an even split of male and female children and those living in a rural or urban area ( Table I) . At 9 months, the majority of children were Irish white (68.6%) and born on time (82.2%). Just over 45% of PCGs and 70% of SCGs with interview data were overweight or obese. Mean BMI of children was 18.2 kg/m 2 (SD 1.7) at 9 months, 16.8 kg/m 2 (SD 1.5) at 3 years, and 16.2 kg/m 2 (SD 1.6) at 5 years, with similar ranges of between 11 and 27 kg/m 2 across the ages and sexes. At 3 and 5 years, compared with 9 months of age, there were fewer nonIrish white children, fewer children in lower educational groups, fewer 2-caregiver households with 1 child, fewer caregivers normal or underweight, more children in childcare, and variation in sleep ( Table I ).
The Figure shows the BMI distribution at 9 months, 3 years, and 5 years of age, relative to the WHO growth percentiles for the respective ages and sexes. Overall, the majority of children lie in the 25th to 95th percentile. The number of children less than the 50th WHO percentiles decreased significantly between 9 months and 3 years, and the number in the 75th-84th, 90th-94th, and 97th percentile or higher increased significantly (P < .05). From 3 to 5 years, decreases in the ≥85th percentile were significant (P < .05) with 39% at 9 months, 44% at 3 years, and 30% at 5 years. The BMI distribution of children who were breastfed for 6 months or longer was also examined separately, and no major differences were seen.
The analysis of children's BMI at baseline (9 months) and over time (3 and 5 years) can be seen in Table II . The estimate of the intraclass correlation coefficient (ie, BMI measurements within children) was 0.45 (95% CI 0.44; 0.47). Taking the baseline coefficients first (ie, variables fitted without an interaction with time), negative (positive) coefficients indicate that children with this characteristic had a lower (higher) average BMI at 9 months compared with the reference category. The coefficients for the interactions between the variables and time can be interpreted to indicate whether differences in BMI vary over time (3 and 5 years of age). As time is negative, a negative (positive) interaction term indicates that children with that particular characteristic experienced a steeper (smaller) decline in BMI over time compared with the reference category.
Statistically significant differences in BMI were seen across the ages. Compared with 9 months, 3-year-old children had a reduced BMI of 1.55 (95% CI −1.7; −1.4). From 9 months to 5 years of age, BMI decreased by 2.56 (95% CI −2.73; −2.4). In addition, differences in BMI were seen between the sexes. Girls had a lower BMI than boys at 9 months, however, over time girls had a smaller decline in BMI. Moreover, differences were found in BMI over time between different ethnic background groups. Compared with Irish white background, children from non-Irish white background had a lower average BMI at 9 months and this remained over time. Children from Asian (excluding Chinese) background had a significantly lower BMI compared with Irish white children at 9 months, but a smaller decline over time. Children with African background were not significantly different from those with Irish white background at 9 months, but had a significantly smaller decline over time.
A number of differences were also seen in the BMI of children from different population groups, measured by their socioeconomic status (SES). First, children who lived in a household that was in the lowest, as opposed to the highest income quintile, had a higher BMI at all ages. Second, compared with children with at least 1 caregiver who had acquired third level education, children whose caregivers had other postsecondary education, or lower secondary education or less, had a smaller decline in BMI until the age of 5 years (Table II) . Children who lived in urban regions had a lower BMI than those from rural regions, and this difference did not change over time. Compared with children with 2 caregivers and at THE JOURNAL OF PEDIATRICS • www.jpeds.com November 2018
ORIGINAL ARTICLES least 1 sibling living in the household, single children with 2 caregivers had a lower BMI at 9 months of age. However, they had a smaller decline in BMI until 3 years of age. In addition, between 3 and 5 years, compared with children in families with 2 caregivers and 1 or more siblings, everyone else had significantly smaller declines in BMI. The largest changes in BMI were seen in relation to birth and early life factors (Table II) . At 9 months of age, compared with term infants, children born very early (b = −2.00; 95% CI −2.3; −1.69), and somewhat early (b = −1.09; 95% CI −1.23; −0.94) had a significantly lower BMI. However, those born late had a 0.14 kg/m 2 (95% CI 0.04; 0.24) higher BMI. Until the ages of 3 and 5 years, very early and early born children had a smaller decline in average BMI compared with term children, and late children stayed on their higher trajectory. By 5 years, very early and early born children had reduced the differences to term children seen at 9 months of age. Furthermore, compared with children born AGA, those born SGA had a significantly lower BMI at 9 months, but reduced that gap by the age of 5 years. Children born LGA had a constantly higher BMI, but a smaller relative weight gain than AGA children until 3 years. Children who were breastfed for 6 months or more, compared with those never breastfed, had a significantly lower BMI at 9 months of age; however, a relatively higher (but not significant) weight gain brought them closer to the BMI trajectory of nonbreastfed children at 5 years of age. There was no evidence of a relationship between BMI and the onset of solid food. When the children were 9 months old, those with rapid infant weight gain had a higher BMI than those without rapid weight gain. Children with rapid weight gain had a steeper decrease in BMI from 9 months onward, but their BMI scores remained higher overall.
Furthermore, BMI differed at 3 and 5 years of age based on the weight status of caregivers. In primary caregivers, compared with normal or underweight, overweight was associated with a smaller decline in children's BMI from 3 to 5 years of age and obesity with a smaller decline between 9 months and 5 years of age. Among secondary caregivers, compared with normal or underweight, overweight and obesity both were associated with smaller declines in BMI over time. Children who were in informal childcare had a slightly higher BMI than children not in regular childcare. In addition, compared with children with normal sleep, those with less sleep had a significantly lower BMI at 9 months, but a smaller decline in BMI over time.
Sensitivity analysis did not alter the overall findings (results not shown). There were, however, a few minor differences noted compared with the original model, most likely because of smaller sample sizes. The associations between BMI and income (models 3-5), urban region (model 4), and late birth (models 3 and 4) were no longer significant at 9 months of age. At 3 years of age, very early birth (model 4), Asian ethnicity (models 3 and 4), and lower secondary education (models 3 and 4), and finally, at 5 years of age, very early birth (model 4), LGA births (models 3-5), and lower secondary education (model 3) were no longer significantly associated with BMI. In addition, height was significantly associated with BMI at 9 months (b = −0.25, 95% CI −0.27; −0.24), and larger heights were associated with smaller significant declines in BMI over time (model 6). No other major differences were seen (model 6). Children were categorized based on the WHO Child Growth Standards. 42 The lines present the percentage of the cohort in each percentile group during the different measurements. NA, not applicable, the interaction with time was not significant and removed from the model. Statistically significant values are in bold. Point estimates and 95% CI are shown. Model was also adjusted for perceived neighborhood safety, availability of green and play spaces, and the timing when solid food was introduced to the child's diet (results not shown). *b-coefficients in the columns under 'Interaction terms with time' display the change in BMI between groups (categorical variables) or linear changes with increasing score (continuous variable) from 9 months to 3 years and from 9 months to 5 years of age, respectively. †Reference group. ‡P < .001. §P < .05. ¶P < .01.
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Discussion
In this study, longitudinal changes in BMI and associated risk factors were investigated that spanned across the first 5 years of life in children in Ireland. Exposure to factors occurring at birth or during the infancy period consistently had the largest impacts on BMI across the studied ages. First, during all measurements, the BMI of children who were born very early, early, or SGA all remained much below that of term children or those born AGA, respectively, despite catch-up growth. Second, 1 in 8 children were born LGA and persisted on a higher BMI trajectory than children born AGA until the age of 5 years, despite catch-down growth. Children with rapid weight gain from birth to 9 months of age (25% of children) had the highest BMI throughout the study period, even though their weight gain decelerated between the age of 9 months to 5 years. Previous studies confirm this trend both in children born with a small birth weight or prematurely. 19, 46 Furthermore, higher BMI trajectories in those born LGA were identified previously, [46] [47] [48] and tracked into early adulthood in 2 Canadian cohorts. 47 It remains to be seen whether children in this cohort also maintain higher or lower BMIs as they grow older, or whether they catch up and down fully, thus meeting or exceeding the BMI trajectories of term children, children born AGA and those without early rapid weight gain, respectively. A study by Taal et al suggests that children in different BWFGA groups may be split into those who reach population mean BMI in early childhood, and those who fail to do so.
14 It may, therefore, be relevant to investigate subgroups of various gestational ages, BWFGA, and rapid infant weight gain to see whether separate BMI trajectories exist within them. It should be noted that other variables considered in the analysis, for example ethnicity and caregiver weight status, temporally precede, and have been shown to be related to birth and infancy factors. Hence, associations with these variables are possibly smaller in magnitude, because the model includes potential mediating factors (eg, birth weight). The residual association between these variables (for example ethnicity and caregiver weight status) and BMI indicates what is not mediated by the other variables. Furthermore, unfortunately, data for this study were only collected after birth, hence, several factors preceding birth were not available. Children who were breastfed for 6 months or longer (19%), compared with those who were never breastfed, had a slightly lower BMI at 9 months and did not catch up to the BMI of nonbreastfed children by their age of 5 years. A protective effect of breastfeeding on early BMI has been shown before, but findings differ as to how long-lasting this effect is. 21, 48, 49 Notably, breastfeeding reduced the risk of childhood obesity in high-risk children in one study. 49 Breastfeeding rates in Ireland are among the lowest worldwide, 43 however, in this study we did not see an association between breastfeeding and BMI.
Beyond these birth and infancy factors, a number of other variables were associated with changes in BMI. Girls had a BMI below that of boys from 9 months to 3 years of age, before they crossed the male trajectory and reached a similar BMI at 5 years of age. A trend toward lower BMI in girls appears normal at the ages of 9 months and 3 years, according to growth standards, and differences would indeed be expected to disappear or even reverse by 5 years. 42 Li et al found that boys were more likely to follow BMI trajectories predisposing them to onset of overweight between 2 and 12 years of age, 48 but other researchers did not observe this trend. 46 A longer study period may be needed to confirm the findings by Li et al 48 in the Irish context. 48 Moreover, variations in BMI over time were seen in different ethnic groups. Children from Asian and African descent (each constituting 2% of this cohort) were partly found to gain weight quicker over time, relative to their height, compared with Irish white children. The highest relative weight gain was seen in children from Asian (excluding Chinese) descent, who had a particularly low BMI at 9 months of age, but crossed the trajectory of Irish white children before the age of 5 years. Children with African background had the highest BMI of all ethnic groups when they were 5 years old, but only appeared to start gaining excess weight between the ages of 3 and 5 years. This is in line with prior research that found the ages of 2-4 years most relevant in the development of different BMI trajectories based on ethnicity. 20 In turn, children of non-Irish white ethnic background (8%) had a constantly lower BMI than Irish white children that led their trajectory to lie below the majority of children at all ages. Future studies may help explain such differences by investigating the obesogenic behavior of different ethnic groups and identify potentially modifiable differences between them.
Significant differences were also seen in children's BMI for different socioeconomic status. Children in the lowest income quintile followed a slightly elevated, but not aggravating BMI trajectory over time. In contrast, differences found based on the educational level of caregivers only became apparent at the children's age of 3 years or later. Third level education of at least 1 caregiver in the household, on average protected children from higher BMIs over time, however, almost one-half of the families in this cohort were in educational groups associated with elevated BMI at 5 years of age. In previous studies, high parental education has been associated with lower BMI trajectories, 19, 47 but differences in this relationship were found between countries. 50 Our findings confirm that additional support (eg, through public health nurses) is needed for families of lower SES in Ireland, as disparities in BMI emerged that likely lead to inequalities of childhood obesity as children grow older. Similar to findings from another study, 17 BMI trends in caregiver education in our study only became visible after infancy. A potential reason for this could be latent influences of SES on birth outcomes, the latter of which were strongly associated with BMI in this study, which may modify early associations of BMI with SES. However, this could not be tested as data for this study were collected only after birth.
More than one-half of the children in this study lived in rural regions and were following a slightly higher BMI trajectory than children in urban regions throughout the ages. This is in line with another study that reported similar findings until late in adolescence, 47 however, the difference we found between these THE JOURNAL OF PEDIATRICS • www.jpeds.com Volume 202 2 groups is small. Large variations in BMI were associated with family structure. Single children partly had a slightly lower BMI at 9 months of age. However, at 5 years of age, children who were not living in 2-caregiver households or who did not have at least 1 sibling followed elevated BMI trajectories, with the highest BMI seen in single children with only 1 caregiver. This confirms previous literature, 19, 34 however, mechanisms behind this association should be addressed more in research and interventions.
Major differences in children's BMI were seen based on the caregivers' weight status. Differences only emerged after the age of 9 months, when children with overweight or obese primary caregivers or secondary caregivers continuously gained more weight relatively to other children. Children's BMI at 5 years of age was highest if their primary caregiver or secondary caregiver was obese. This supports previous studies that strongly linked a high parental weight status or BMI to children's increasing BMI trajectories, with an aggravating influence as the children grow older. 48, 50, 51 Also in our study, deviations between children with normal or underweight and those with obese caregivers increased over time, suggesting that children of overweight or obese caregivers may stay on their upward trajectories and have a high risk of childhood obesity. Notably, in Ireland, this affects proportionally many children, namely 49% (primary caregiver) and 72% (secondary caregiver) of 5-year-olds whose caregivers' BMI was available for this study, which is why this risk factor should be a major target for childhood obesity prevention programs before birth and during all ages. It should also be noted that while effect sizes of some risk factors appeared relatively small, a cumulative effect is likely to occur in a large proportion of children in this cohort.
A major strength of this study is the representative nature of the GUI infant cohort on a national level. The initial sample equated to almost one seventh of all births in Ireland in 2007 22 and attrition was low. A few limitations to this study exist. First, standardized anthropometric measurements to assess BMI were only available at the children's ages of 9 months, 3 years, and 5 years, and length at birth is self-reported, with a high proportion (>50%) of implausible or missing records. Consequently, BMI at birth could not be studied. Also, no retrospective data were available to test whether caregiver weight status or SES variables changed from conception until the child was 9 months old. Factors preceding birth could possibly have impacted on birth outcomes, and hence should be explored in relation to BMI. Second, insufficient data were available to explore a number of lifestyle variables of the child, namely dietary consumption, physical activity, sedentary behavior, and antibiotic use. Third, a relatively small number of children were born early or very early, but the benefits of separating these two groups were perceived to justify this decision. Another limitation is the restricted amount of data available from the children's secondary caregivers because the secondary caregiver did not participate in the interviews (10%), which was addressed by conducting sensitivity analyses. Furthermore, birth weight, gestational age at birth, breastfeeding duration, onset of solid food, and the child's sleeping hours are self-reported.
There is potential for inaccuracies because of recall bias, although this is expected to be low 9 months after birth. Moreover, despite the usefulness of BMI to assess body weight status on population level 52 and in infants, 53 it needs to be acknowledged that BMI does not provide accurate estimates of body composition or fat mass. 54 Body fat mass trajectories in infancy were related to childhood obesity in former research. 55 Public health interventions and policies should target pregnant women and young couples and families, to promote healthy lifestyles before and during pregnancy that reduce the risk of high relative birth weights and rapid infant weight gain. Modifiable risk factors, such as breastfeeding and adequate sleeping hours, should continuously be addressed through population-wide healthy weight promotion. Future studies should additionally clarify mechanisms behind the associations seen in this study (eg, by including a wider number of children's lifestyle variables). ■
